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ABSTRACT 


The XFV-12A incorporates thrust augmentation to generate 
maopulsive Vittyesumader the influence of forward flight the 
[ert jets are subject to bending, which produces shed vor- 
tices that induce velocities at the aircraft. Additionally, 
Seperations im sround effect during hover and for small for- 
ward velocities can result in reingestion of engine exhaust 
gases. The objectives of this thesis were twofold. The 
Mirstewas tO investigate analytically aspects of the vertex 
shedding phenomenon through the application of potential flow 
mrounaethne lifting surfaces of the aircraft. Secondly, ex- 
Terinemtab analysis was performed to determine the unique 
PaertceerToOn properties of the XFV-1ZA operating statically 
under various wing and canard configurations. 

The pressure coefficient for jet curvature obtained under 
two-dimensional potential flow was 8.66. Reingestion of ex- 
haust gases was primarily through the main inlet and not the 
auxiliary inlet; the source of most of the exhaust gas was 


the canard. 
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I. INTRODUCTION 


The XFV-12A is a V/STOL aircraft currently under develop- 
ment by tne Columbus Aircraft Division of North American 
Rockwell. Its design incorporates high performance super- 
sonic operation in a fighter or attack mission as well as 
vertical and short take-otf operations from proposed ships 
mameic 1950's. A unique property of the XFV-12A is incor- 
poration of thrust augmentation when operating under propul- 
ievee litt. Combining the effects of hypermixing nozzles and 
Seanda Dlowing, this aircraft is designed to take off ver- 
meearlly with a thrust-to-weight ratio of less than one. 

Meme it becomes operational, the XFV-1Z2A will offer the first 
Simloyment of thrust augmentation in military or civilian 
epeecratt. 

Eyoblem areas under investigation include the shedding 
Gaevortices from the exhaust jets and an experimental analysis 
meee XPY-12A'S recirculation properties. The vortex shed- 
ding phenomenon occurs when a downflow of the lift jets is 
modified by forward velocity, ground effect, or both. The 
resultant vortices are shed as a result of a bending of the 
Meeiejets as shown hypothetically in Figure 1. This bending 
is derived from a high pressure area underneath and a low 
Pmesstre area above the jet. These vortices are generated 
in much the same manner as wing tip vortices produced in 
memite alytoil theory. The nature and influence of these 


Meeetees are the unknowns under investigation. 
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A potential flow solution to a propulsive lift system 
was performed by Albers and Potter in 1971 [Ref. 1]. This 
analysis assumed an exhaust profile in accordance with 
Spence's theory [Ref. 2] for a jet augmented flap. The 
McDonnell Douglas Corporation [Ref. 3] has conducted work 
ommea jet-wing lifting surtace theory using elementary vor- 
tex distributions. A solution for the exhaust profile it- 
self, however, is not known. 

The vortex shedding is a consequence of the pressure 
difference on the two sides of a bent jet. To gain insight 
into the vortex problem, a potential flow model was formu- 
lated to determine jet bending. The potential flow was 
solved by two methods. A computer program was used to solve 
Laplace's equation for two-dimensional potential flow. For 
emacs case, only the canard's influence was considered. A 
continuous solution was obtained using an electrostatic 
analogy. Conducting paper provided the flow domain. Laplace's 
equation was again applied, but under the influence of both 
the wing and canard in a two-dimensional analysis. 

Recirculation experiments provide valuable data which 
adequately depict the reingestion PROpciE cS aGetne Ar Zar 
Pmmee this characteristic is not readily calculated, results 
are based purely on experimental work performed and the cur- 
memes titerature available on the subject. In subsequent 
discussions, the terms reingestion and recirculation will 
be used to describe the same phenomenon. 

Considerable work has been performed in the area of 


Beemrecnlation properties of lift engines. Investigations 
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Geerecmreubatiwvon forslift engines of various configurations 
applied to various airframe shapes have been performed 
Meets. 4¢,5|. An analysis to determine the applicability of 
Mreemescale testing has been done {Ref. 6]. Reduction of 
reingestion was examined by applying several concepts to 
mmeevent recirculated gases from entering lift engine inlets 
(Ref. 7]. Conclusions have not always been consistent when 
analyzing the most significant contribution to recirculation 
or the optimal method of prevention. However, it was commonly 
held that reingestion 1S a unique property for each airframe 
mroeaccompanying engine configuration. Thus the particular 
mmoperties Of the XFV-12A operating in the vertical or short 
meee -OLt mode offer a unique problem. 

The reingestion problem was investigated experimentally. 
iiemwibiterature was helpful in formulating and designing ex- 
Memrmichical apparatus and procedures. For carrying out the 
meeetrments, a one-tenth scale semi-span model of the XFV-12A 
moeemused. In order to simulate a zero forward velocity, 
meine was performed statically. Recirculation properties 
@eeinterest included results for both the STOL and VTOL 
configurations at varying heights above the ground. In all 
Gases, the reingestion at both the main and auxiliary inlets 
was determined. 

The computer program and its background are discussed 
Meee ction [i of this thesis. Section III contains the work 
femunci the electrostatic analogy. The next section describes 
mie arrangement of the exyerimental apparatus including supple- 


mental hardware necessary to supply appropriate simulation of 
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@neswlift engines. Section V covers experimental work per- 
formed preliminary to the actual reingestion tests. The 
memnpestion experiments are described in Section VI. Ex- 
perimental results, conclusions, and recommendations follow. 
Graphical test results and test data are recorded subsequent 


to the text. 
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II. COMPUTER SCLUTION TO THE POTENTIAL FLOW EQUATIONS 
FOR TWO-DIMENSIONAL THRUST AUGMENTOR CANARD 
A. ASSUMPTIONS 

In formulating the problem, the mass flow rate of the 
or leaving the diffuser exit plane was assumed to be equal 
to the secondary air entering the diffuser. This assumption 
was essential for satisfying continuity in the control volume 
which encircled the canard. (Using an experimentally ob- 
tained Mencntation fatioeor 6,64 [Ref, 8], the actual ratio 
of exhaust at the canard exit to the secondary flow is about 
€ight to seven.) 

The working fluid was assumed to be incompressible, ir- 
rotational, and two-dimensional. With the irrotationality 
@eeumption, Euler's equations of motion for fluids become 
homogeneous. When a single dependent variable representing 
the potential function is introduced, a single partial dif- 


ferential equation results. 


= Q. (1) 








ae ay? 
mvesconjugate function to the potential function, or the 
stream function, is derived from the continuity equation for 


incompressible flow. 








oe 2 (2) 


iijesecquation for the stream function was solved in the con- 


puter program. 





B. NATURE OF PROBLEM 

The equation for the stream function is elliptical in 
nature yielding a boundary value problem. The boundary 
conditions were of the Dirichlet type. Values of the stream 
function were specified on all edges of the domain. Values 
of the stream function were also assigned to the canard 
flaps [Ref. 9]. The boundary conditions were held constant 
Gmethe Upper and lower bounds. The rate of change of stream 
function values on the upstream and downstream boundaries 
was held constant. These boundary conditions duplicated 
freestream conditions. 

Por simplicity, only the canard was considered in this 
analysis. It was positioned nine chord lengths from the 
meme boundary of the domain to its leading edge. The rear 
of the domain was positioned about 40 chord Venegens att ot 
M@mewcanard. At this position it was anticipated that the 
flow field disturbances generated by the canard would have 
memurned to freestream conditions at the boundaries. The 


iebecerectized domain is illustrated in Figure 2. 


tee DISCRETIZATION 

Since the canard is small compared to the size of the 
domain, a variable mesh was necessary to represent optimally 
the flow while economizing on computer storage requirements. 
PE Was anticipated that the direction of the streamlines 
would be changing most rapidly in the vicinity of the canard. 
The highest concentration of solution points was then near 
Mieecanard, The coarsest distribution of solution points 
was located near the corner most distant from the canard. 
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The final distribution of solution points within the domain 
resulted in 201 distinct points. 

Using a Taylor series expansion, the differential equa- 
fmuenecan be reduced to a difference equation as illustrated 
in Appendix A. Each solution point is expressed in terms 
meameie tour pormts adjacent to it. The resultant error on 
Mmmeeisation to difference equations is of the fourth order. 
Demevanes a ditference equation for each solution point re- 
ees in 20! simultaneous, linear, algebraic equations in 
201 unknowns. In matrix form, the problem is easily stated 


as 
Asx = B (3) 


where A fometilceeMattix Of COectiicients for the unknown values 
of the stream function, x is the vector of unknown solution 
Pemmts, and B is a vector containing the boundary conditions 
@sonened to both the perimeter of the domain and the canard 
flaps. 

Pece Most Of the elements in A are “zero}S it became more 
efficient to utilize a subroutine requiring only the storage 
of the nonzero elements and as few zero elements as possible. 
such a library subroutine in the IBM 360 system at the Naval 
meeeeraduace School is "GELB." This subroutine empioys 
Gaussian elimination techniques in solving a banded matrix. 
This reduced the storage requirements for this particular 
peemeeem by a factor of about ten. Not only did "GELB" re- 
See tic time required to obtain a solution, but it provided 
for a finer mesh size within the domain for a given quantity 


Smemcore space. 
18 





Wels HEECTROSTATIC ANALOGY SOLUTION TO THE POTENTIAL FLOW 


EQUATION FOR A TWO-DIMENS] FOR A TWO-DIMENSIONAL THRUST AUGMENTOR WING WING 


AND CANARD SYSTEM 


fe ELECTROSTATIC ANALOGY 

ies ditrerential form of Gauss' flux theorem as it 
governs electric fields states that the divergence of the 
field is proportional to the charge density [Ref. 10]. In 


vector notation: 
VE = p/e.. (4) 


Pemecetne eclectricefield, E, at any point is equal to the 


negative of the gradient of the electric potential, V, 
E= - VV. Sy) 
Gauss' flux theorem can be rewritten as Poisson's equation. 
Sy ee (6) 


If Poisson's equation is assumed to apply in a region 
of zero charge density, the expanded two-dimensional electric 


potential equation can be written: 


a + a = 0 (7) 
This equation is Laplace's equation as it applies to elec- 
mame t1elds [Ref. 10]. 
If the voltage is allowed to be proportional to the 
Seeam function, a plot of equipotential lines on some con- 


ducting medium will yield a continuous soluticen for the 


stream function [Ref. 11]. Additionally, the zero charge 
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demsity assumption is appropriate since it is analogous to 

mieeirrocationality requirement of potential flow. 
Similarly, the current flowing in the domain is 

Be@arogous to the fluid potential function. Since circula- 


tion is related to the potential function by 


P= f d¢ (8) 


mee value Of the Current can be used to measure circulation 


weer, Jij. 


B. EXPERIMENTAL APPARATUS 

iecehamdware necessary to provide such a solution in- 
Gluded conducting paper of a Known resistance, an electro- 
leer £Or USE in measuring voltages and currents, a ten-volt 
ieempower SOUrce, and seven potentiometers (Figure 3). The 
M@e@eentiometers took a predesignated fraction of the ten-volt 
Seueee and applied it to a particular component of the wing- 
Samara system. A special pen which contained a conducting 
paint was used to draw the wing and canard onto the conduct- 
ime paper. 

The resistance of the paper was determined using a known 
Voltage source and the electrometer which measured current. 
ihe electrometer was placed in series with the conducting 
paper and the voltage source. The resistance was measured 
membe approximately 10,000 ohms per centimeter. The poten- 
mmemeters were selected so that their resistances would be 
much less than that of the paper, but large enough to keep 


Peeows amount of Current flowing from the ten-volt source. 


20 





If the maximum allowable current in the battery was con- 
aeradunead toewpe ten milliamps, then the potentiometers had 
to be on the order of 1,000 ohms. This satisfied both the 
current and resistance constraints. 

The voltage induced on the wing and canard flaps were 
assigned so as to provide for equal circulation around the 
forward and aft flaps of the wing and canard. In addition, 
voltages were constrained to provide a flow velocity in the 
canard and wing augmentors which was twice that of freestream 
Comaitions. 

The equal circulation requirement was implemented by 
Dmovtraang qual but opposite current flowing in the two 
Coanda flaps. The flow velocity constraint was imposed by 
comparing the distance between the Coanda flaps on the paper 
eeecie distance between the streamlines upstream which 
stagnated on those Coanda flaps. 

ihe center ejector flaps were constrained to have zero 
current and a voltage value midway between those assigned 
to the Coanda flaps. These requirements resulted in a 
meee rple Jift contribution made by the center ejectors as 
well as an equal distribution of wing and canard augmentor 
inlet flow on each side of the center ejector. 

In conducting the experiment, however, the equai-but- 
opposite eenilation requirement could be imposed on the 
Seamer only. The results shown in Figure 4 indicate the 
streamlines having the same voltage value as those induced 
Seeene Wing and canard flaps. The ground is the only por-. 


tion of the boundary depicted. 
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IV. EXPERIMENTAL DESIGN AND MODEL MODIFICATION 


eee ee ee ee ee a a 


A. PLUMBING AND FIXTURES 

Compressed air was supplied py two compressors rated at 
meeeecand 49°55 cubic feet per minute, respectively. One was 
equipped with a 100 gallon storage tank, while the other had 
aeoO Callon tank. These eonpressG61s were instailed in paral- 
Helewith three additional storage tanks with a capacity of 
fmoumecalieons G€ach. the total storage capacity of the system 
feet, 550 Sallons or 181.3 cubic feet. 

Tiemeenpressois were limited by design to a pressure of 
moeib/in-. The actual operating pressure of the system was 
constrained to be no more than 125 1lb/in*. For the planned 
operating velocity at the ejectors of 136 ft/sec, substantial- 
Mmeaore than “i5 minutes of @xperimental run time at the de- 
eeea Operating conditions was available. 

Peoimere regulator and stop vaive connected the storage 
tanks to the plenum, which supplied the ejector hypermixing 
nozzles and Coanda blowing. This provided for single-valve 
@ereterol of the experiments. Once the desired pressures had 
Been Obtained by altering the setting on the plenum valves, 
the plenum valve settings could be held constant. Only the 
stop valve was meodled LO-MiMmMmnatceanascerminate a2 particular 
eeeperimental run. 

ieeancicipation of testing™in the Naval Postgraduate 
peweol smoke tunnel, a two-inch pipe was channeled to the 
Vicinity of the smoke tunne] from the storage tanks. In 
Peet iel with the outlet in tne static testing area, the 


Ze 






pipe routed to the smoke tunnel wes sealed during static 
f--=rime- Simple transition to smoke tunnel testing can be 
Pertormed by sealing the outlet in the static testing area 
and moving the regulator and stop valves to the smoke tun- 
Mem outlet. 

The plenum has eight outlets of which only six are needed 
to supply the ejyectors on the wing and canard. Three-quarter- 
mcn-adrameter automotive heater hoses were used to connect 
the plenum to the Coanda slets tor both wing and canard. 
One-inch hoses were needed for both center ejectors (Fig. 


Sp). 


B. INLET SIMULATION 

inmeudes tO Gepict adequately aircraft operation in the 
meretc POSItion, some means of duplicating the effect of 
the inlets needed to be accomplished. Upon commencing work 
fomeete APVY-12A, only the main inlet had been fabricated 
fiemenmo means of providing suction for inlet flow. 

The auxiliary inlet was fashioned from copper sheet metal 
and attached to the top of the aircraft model as shown in 
meeure 6. For both the main and auxiliary inlets, ducts 
feeemecolstructed for the purpose of establishing the correct 
meee tlow rate. The ducts are shown in Figure 7. A suf- 
Pmeedent quantity of inlet flow is PuMvedssrO Satisty the 
Semeinuity equation as applied to inlet and exit conditions. 
Continuity required that the sum of the mass flow rates 
entering the main and auxiliary inlets was equal to the mass 


flow rate of primary air from the wing and canard. (For 
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per peses "OL these Gxpermments, theweontribution of fuel to 
the mass flow rates of the exhaust jects was assumed to De 
negligible.) 

A first attempt at entraining ambient air through the 
inlets was done using the ejector principle. Copver tubing 
with six ejectors was fabricated to viow air along the main 
met channel meer the face of the inlet. A photograph of 
mime CjJCCtOr appears in Figure 9. A similar copper ejector 
meee cOnstructed £or the same purpose in the auxiliary inlet. 
These ejectors were found to function but could not provide 
Surricient mass flow to match that ieaving the Coanda slots 
mene jectoOrs of the propulsive system. Thus, some other 
means of duplicating the suction effect at the inlets had 
mempe devised. 

A suction blower was attached to the inlet channels and 
sealed so that all of the entrained air was expelled CURE aus, 
meme plane of the blower; see Figure 10. Using ce method 
Peay namic pRecouUnesiMe@sUred at tae Exit plane of the 
blower was found to be 0.6 inches of water. For purposes of 
analysis of the continuity senate on, the flow was assumed to 
Be incompressible between the exit plane of the blower and 
mm@eminiets, With this simplification, velocities and cor- 
responding iyi eee Hole sibillet andetmac blower 


ome plane were dependent only on the relative areas. 


U,A, = a (9) 
and 

oe [ v4 2 eam By? (10) 
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ie dynamic pressure at the exit plane of the motor dic- 
tates the conditions which must exist at the ejectors for 
Peontinuicy cto be satisfied for the system, 

Upon comparison of geometries, the required velocity at 
the main inlet was found to be 27.5 ft/sec. The correct 
velocity at the ejectors and Coanda slots of the wing and 
canard was then 136 ft/sec. Applying the augmentation 
miero determined previously, the mean velocity at the exit 


plane of the diffusers must be 26.8 ft/sec. 


C. MODEL MOUNTING 

Once the inlets had been constructed, the model was 
mMeunted on three-quarter-inch plywood so that a plane of 
Symmetry was established for testing purposes. The piane 
of symmetry is commonly known as a reflection plane. The 
memer Side of the reflection plane was cut away at the in- 
merior of the model to allow for the introduction of air 
from the plenum. A photograph of the reflection plane 
mounting at the static testing site is shown in Figure 8. 

The ground was simulated by another piece of plywood 
mounted perpendicular to the model plane of symmetry and 
Mmearallel to the ground. This piece was attached to the 
reflection plane with bolts and could be moved up and down 
With respect to the aircraft at one-inch intervals. The 
upper limit was analogous to placing the aircraft on the 
ground with the gear lowered. The lower limit simulated 
the aircraft at an altitude of 20 feet and was accomplished 


by removing the ground plane entirely. 
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As the "ground" was moved down from the aircraft during 
Pome weit eDecame Mecessary te use a larger piece of ply- 
wood to compensate for the enlarged area which was under 
the influence of the aircraft's exhaust jets. This was done 
Pyeplacing a larger piece of plywood covering 32 square feet 


directly over the original "ground." 
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V. PRELIMINARY EXPERIMENTAL WORK AND ANALYSIS 


A. NATURE OF RECIRCULATION 

Reingestion of hot exhaust gases is a problem of particu- 
lee interest to designers of VIOL aircraft and STOL aircraft 
when operating at forward speeds of less than 25 knots [Ref. 
12]. This phenomenon involves the entrainment of some por- 
tion of one or more exhaust jets into the intakes of the 
Mint engines. Adverse effects on performance include a de- 
meeasc in the available thrust, large increase in inlet 
temperature, and distortion in the temperature profile at 
the inlets [Ref. 7]. These last two effects can lead to 
melling of the compressor and engine surge [Ref. 7]. Ver- 
tical takeoff and landing operations over areas with loose 
Merrain also pose a problem of ingestion ef particles kicked 
up by the exhaust jets [Ref. 13]. Potential loss of avail- 
able control power was illustrated dramatically by a XC-142. 
meranding accident in 1965 was attributed to a loss in con- 
trol power due to recirculation of hot exhaust gases [Ref. 
| . 

Peauste C45 reinoestion has been classified according to 
mre method in which exhaust gas is transported to the vicinity 
Meme anlet., the first type is a diffusion of the exhaust 
Mes Into Ehe ambient air. The buoyant force of the low 
Meireity exXiaust Carries it up from the ground to the vicinity 
Meetehe iniet. This is commonly called the "buoyant" effect 


Meet. 5], 
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The second type of recirculation involves an inter- 
action of the exhaust jets with the ground and subsequently 
with one another so that exhaust gases are forced upward in 
a "fountain" effect between the two exhaust jets. This type 
Msually requires less time for its effects to be felt. The 
Pomntain effectwusually is considered to» be the most serious 
of the two types in terms of potential hazard to aircraft 
@pereation [Ref. 5]. 

The reingestion problem is one which cannot be treated 
emalytically at present. Rather, experimental results are 
eae Only reliabie source of information concerning the re- 
@eerculation characteristics of a particular airframe shape 
Pmecnivine Contieguration. Even the interpretation of re- 
Memes nas resulted in conflicting conclusions. For example, 
mcependent tests arrived at opposite conclusions with re- 
mand to the most significant type of reingestion transport 


Meets. 5,7). 


meeeaNAeYSiS OF VALIDITY OF SMALL-SCALE TESTING 
RimovecHm1Orsexperimemeal results to be valid, reinges- 
tion characteristics observed for the scale model must be 
feeeicable to the full-scale aircraft. Also, since operating 
@enditions of the aircraft may differ from those imposed on 
the model during testing, reingestion must be evaluated as 
a function of differing exit temperature and pressure 
Senditions. 
Pt ominanvestigation of sealing effects on VTOL recircu- 


lation, recirculation was determined to be scalable both 
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Statically and dynamically {Ref. 6]. (The experimental 
Variables used were temperature, temperature gradient, and 
inlet distortion.) Another analysis determined reingestion 
ewbe independent of the temperature and pressure profiles 
Penabited by the engine over the range tested [Ref. 4]. 
Macse conclusions indicated that the experimental test con- 
mmt1ons provided significant results even though full scale 
Seerating conditions were not duplicated. 
Pithimescpcelmieenepara to the XEV-12A, an evaluation of 
mmemecivaracteristics of thrust augmentation indicated that 
mre augmentation ratio of @ system is almost independent of 
memeale pressure ratio [Ref. 14]. Consequently, conditions 
emraque to propulsive lift employing thrust augmentation were 


duplicated at the test conditions. 


C. SMOKE AND LASER TESTING 

The first experiments performed to determine the existence 
Seerecirculating exhaust gases were done using smoke intro- 
a@meed into the flow and a portable laser for detection. A 
smoke jet was produced from an oil smoke generator similar 
to those used in the NPS smoke tunnel. Using an air flow 
from one of the extra outlets of the operating plenum, the 
smoke was forced through a narrow length of plastic tubing 
Memtne Vicinity of the canard ejector. 

The smoke was laminar for about 2 or 3 inches upon 
leaving the tube, followed by transition to turbulence as 
[meewas Cntrained with secondary air into the canard. Sub- 
sequent to entrainment the smoke was impossible to trace 
without the use of the laser. 


Pes. 





The smoke experiments were successiul in demonstrating 
ae small degree of recircuiation, although no quantitative 
results could be determined. They also demonstrated that 
the main and auxiliary inlet ejectors functioned as desired 
but were unable to develop sufficient amounts of inlet flow 
moemacch the wing and canard eyeetors. The results of smoke 
mesting were inconclusive; however, the results did indicate 


erat turther investigation was desirable. 


ie EXPLORATORY FREON TESTING 

EXPeLIMenus Conducted in similar fashion to the smoke 
meets were performed using an aerosol can containing freon 
m@istead of smoke. A freon leak detector normally used to 
fe eect refrigerant leaks was used to measure reingestion. 

irc ccm cotlusmcontirmed thet exhaust pases were being 
reingested, though there was again inadequate suction at 
iemeieincakes, This experiment demonstrated the need for a 
better method of inlet simulation as well as further analysis 


memreingestion characteristics. 
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View Kestvocbot LON EXPERIMENTS 


meee DESCRIPTION OF LEAK DETEGROR 

As a detection device, a General Electric refrigerant 
leak detector was acquired. Normally used to detect leaks 
meesmall as 1/2Z-o0z/yr in coolant systems, it was aptly 
meurted tor use in detecting exhaust gases contaminated with 
freon. the detector is illustrated in Figure 11. 

The sensitivity of the detector was varied by a knob 
on the face of the instrument and by a switch which indi- 
meecacither a high or low sensitivity setting. The probe 
merara light which flashed when freon was absorbed. The 
flash rate gave a qualitative indication of the absorption 
rate, although the flash frequency was not proportional to 
the freon contamination of the mass flow being absorbed. 

A moderate rate of reingestion was defined as that 
Merson trequency which was equal to that obtained when the 
move Was placed directly over the reference leak. Since 
Phe reference leak has a known mass flow rate, it can be 
mseca as a reference value. Three other ordinal quantitative 
descriptions, heavy, light, and trace, were used to repre- 
sent deviations from romero oiee™ Moderate  Ccond1tion. 

Before each experimental run, the detector was adjusted 
Meereducing or increasing the sensitivity until at free- 
Stream conditions, the probe light just ceased to flash. 
Thus each set of data was acquired using the same reinges- 


tion descriptions. Contamination of the ambient air at iow 
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feVvemeamor freon forced Cxperiments to be performed at sub- 
Staite time intervals. This allowed the background 
Ereon coltamination to dissipate and provided time to re- 


supply the compressed air storage tanks. 


me EXPERIMENTAL DEPENDENT VARIABLES 

Of interest in performing the experiments was the flow 
path of we eCuTe Taig pases uGOMmetne exit plane of the dif- 
fuser of both the canard and ne to the main and auxiliary 
melets. Et waS anticipated that these recirculation char- 
acteristics would vary with height above the ground and 
with the angle between the chord of the wing and canard 
tiaps and the ground. The investigation covered recircula- 
tion characteristics as height above the eround varied from 
mae CO about 24 anches (20 feet in full-scale dimensions). 
iiesangle of the canard and wing flaps was varied for each 
Metght at 10 degree increments from the vertical to an 
emele of 350 degrees from the vertical. Thus the pattern of 
reingestion was investigated for the aircraft operating in 
meen the STOL and VIOL modes. 

Mecddiitlom, 42 Profile of the distribution of recircula- 
ted exhaust at the main inlet was determined. This was done 
by converting the six main inlet ejectros previously employed 
unsuccessfully to the role of gas sampling ports. Tests were 
performed at a height above ground of zero and with the wing 
and canard flaps in the VTOL Smeiginatmonsonly, Protiles 
meme acquired which reflected the distribution of exhaust 
Bases trom the front or rear Coanda slots or the ejector in 


fie canard. 


SZ 





C. QUANTITATIVE REINGESTION ANALYSIS 

Some means were necessary of quantitatively specifying 
mie Meaning Of the descriptions of degree of reingestion. 
Since the term "moderate" has been assigned to that amount 
Semiltake Corresponding to tme reference leak, it provided 
the only basis for a quantitative analysis. 

Paco le calmpcwobtained analytically in a straightfor- 
ward manner if some assumptions are made concerning the con- 
eeEtons Under which the experiments were conducted and the 
maeure and properties of the freon. First, it was assumed 
that thermodynamic properties could be evaluated at 70°F. 
The freon was assumed to have the molecular weight of Freon-12 
(CC1,F,); see |[Ref. 15]. The freon in the aerosol can was 
assumed to be a mixture of vapor and liquid at saturation 
eomditions. 

Five mass flow rates must be calculated using known 
mmeoperties Of freon and air and the previously outlined as- 
“pt ions. the mass flow rate of freon from the reference 
Meak 15 required; this is equal to-the mass flow rate for 
Semorace recirculation. The mass flow rate of air in the 
diffuser was also needed, as well as the mass flow rate of 
mie detection probe. Finally, the mass flow rates of the 
mrcts and the aerosol can were calculated. The various 
mass flow rates and corresponding sources and sinks are 
diagramatically shown in Figure 12. 

The mass flow rate of the reference leak is known to be 
men oz/yr trom the instructions for use of the instrument. 


Men the units are altered to yield lbm/sec, the result is 


SS 





m = 0.99 x 10” lbm/sec. 


ime ness tlows1ate of the aerosol can was resolved using 


the momentum conservation equation and solving for velocity. 


U2 A Guy 


1 Pr 
BemomeosSuUrcs ald aensity were obtained from a table of 


Mmuoperties of saturated freon (Ref, 15]. The calculated 


velocity is 


U, = S67 ft/sec. 


The diameter of the tube leading from the aerosol can was 
measured to be 0.025 inches. The mass flow rate was then 
readily calculated. 


m4 =o aan 


lbm/sec. 

The mass flow rate in the diffuser was computed using 
the results obtained for the augmentation ratio [Ref. 8] 
aude the exit conditions of the wing and canard diffusers. 


Using a primary air velocity of 136 ft/sec, the mass flow 


mare of the canard diffuser is 
m., = 4,58 x 10 * lbm/sec. 


Sicwuassetlow rate in the probe required a supplementary 
meperiment. Ihe probe was attached to a manometer at one 
end. The other end led to a reservoir of fluid whose upper 
mimetace was exposed to ambient conditions. For small changes 
Mimpressure, incompressibility can be assumed for the air. 
The flow rate of gas being drawn into the probe could be -in- 
ferred by observing the rate of displacement of the manometer 


Pid. 
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U-awemiae Speedo: the air in the manometer tube, the 
nD omelowerateceot tic gas in the detector probe could be 
eempuced damectly from the continuity equation for incom- 
pressible flow. Subsequent applications of these results 
assumed that air was the dominant gas being absorbed by the 


cope 


UyAy = UnAy: (12) 


Solving for the only unknown, Ue yields a velocity of gas 
immthae. prope of 5.37 in/sec. The mass flow rate of the 


probe was 


mz = 4,82 x 10° lbm/sec. 


The mass flow rate of the main inlet was calculated 
Pemmaie Measurements taken at the exit plane of tne electric 
blower. The dynamic pressure was recorded which yielded 
macevelocity at the blower exit. Comparing geometries from 
miemanalysis deseribed in Section IVB, the properties at 
ween inlets could be calculated. The resultant mass flow 


mace for the main inlet was 


mA 


6.29 x 10° 1lbm/sec. 


The mass flow rate of the auxiliary inlet was assumed 
membenwtne Same as that of the main inlet. The area of the 
Meemirany inlet is greater than that of the main inlet. 
memever, two ducts of equal area connected the inlets to 
the blower. These ducts were smaller in cross sectional 
than either inlet and consequently dictated the mass flow 


face of each. z 
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Thewfamst prebivem im quantatative vanabysis was»the com- 
pieeeren of the fraccion of mass flow in the detection probe 
Gamat Was freon. “For a@ moderate reingestion rate, this was 
mepresiented by the ratio of the mass flow rate in the refer- 


ence leak to the mass flow rate of the probe. 


e® a oe - FY 
Fy = m,/mz Zvign <a 10 


The second problem was finding the concentration of 
POM wcliruser or the Canard, Since this concentra- 
monmewas assumed to be constant from the potnt of introduc- 
mEOUmebO the ¢jector, it was found by computing the ratio of 
mimi low rate of freon amteroduced into™the air Hose to the 
nt lowetate OL alr dewthe €xit plane of the diffuser. 


| 


F, = m,/m, = Seas x Fro ~. 


2 
PeLcicvest TON pereceitape was then calculated yielding 
meemconcentration of freon being ingested as compared to 


that being expelled. For moderate reingestion conditions 
F = Fi/F = 2.40%. 


monsequently a moderate reading indicated that 2.40% of the 
diffuser exit mass flow was being reingested by the main 
Mniet. 

Iimener, it was desirable to know the percentage of 
gniet flow that. was recirculated from the engine exhausts. 
This was computed simply by multiplying the reingestion 
percentage by the mass flow rate of the diffuser, then 


dividing by the mass flow rate of the main inlet. 


G= Fx Mo /M4 = 17.8%. 
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Therefore a moderate reingestion reading indicated 
that about 183 of the inlet flow was comprised of recircu- . 
lated exhaust gases. Here exhaust gases were defined as 
the mixture of entrained secondary air and primary air ex- 


pelled from the canard or wing augmentor. 


Hee EXPERIMENTAL PROCEDURE 

Freon was injected through drilled holes in the heater 
hoses leading to the Coanda slots and the ejectors. The 
fenrosol Can could be moved readily to introduce freon into 
mipeepavem tlap. the six points of introduction were as- 
Signed station numbers sequentially from the forwardmost 
wararad tlap aft. The flaps and their accompanying station 
mumbers are shown in Figure 13. Holes were drilled in the 
Bees tcading from the inlets to which the detector probe 
was attached. The wing and canard fiaps were set by mea- 
Buring the angle between the chord of each flap and the 
Merticail. tJhe stiffness of the hoses was sufficient to 
maintain the position of the wing and canard flaps through- 
Sue a set of experiments. 

iicecxperiments were conducted by varying the height 
above the ground with a constant wing and canard angle. 
Measurements were taken at both the main and auxiliary in- 
Memo tor cach of the six points of introduction. Thus 
twelve readings were taken at each height above the ground 
for each wing and canard angle. The wing and canard were 
rotated together, so that there were no experimental runs 
for which the wing and canard angles were different. A 


total of 288 reingestion readings were taken. 
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The results were plotted according to the twelve com- 
binations of inlet and point of introduction. The twelve 
reingestion profiles are shown in Figures 14-25. The 
abscissa of each graph is the angle between the chord of the 
Wing and canard flaps and the ground. The ordinate is the 
height above the ground, non-dimensionalized with respect 
memea canard reference length. “The canard reference length 
mero cetined as the square root of the area of the entrance 
peeane of the canard augmentor. Its value is 4.90 in. 

iPescexpcrmmemts,) COVeringsthe @niet reingsestion profile 
mmc performed with the canard sin’ce the wing did not con- 
memoite SUbStantially to main inlet recircudation. Five of 
One six different gas sampling ports in the inlet face were 
maimed With adhesive tape at any one time, so that the rein- 
gestion reading measured only streamtubes passing near the 
mera port. the response of all six sampling ports on the 
[meet tace Was recorded for each of the three points of in- 
troduction. A total of 18 readings were taken. Patterns of 


the main inlet reingestion are shown in Figures 26-28. 
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Vit. EXPERIMENTAL RESULTS AND INTERPRETATION 


ee POTENTIAL FLOW SOLUTION 

iijemermettdleportential £low solution yielded a result 
mien Indicated that “Ssupercirculation" was present at the 
mearmost Canard flap. Here supercirculation was defined to 
@ectur when a streamline circumscribed any particular lifting 
surface. Supercirculation was present throughout the range 
Sevariables of velocity in the diffuser and mass flow dis- 
tribution entering the canard augmentor. There was also a 
rapid return of the exhaust profile to freestream conditions 
moy a few chord lengths aft of the canard. 

Mimelectrostattc analogy solution ¢Climinated inaccuracies 
in the coarse mesh size. The flow around the canard was ab- 
sent of supercirculation. However, a stagnation point was 
produced on the upper surface of the rear canard flap. The 
imeluence of the wing and its exhaust was apparent in its 
influence on the canard flow. The tendency of the canard 
exhaust jet to return to freestream conditions was negated 
Dy the presence of the wing and its flow field. The highest 
webocities in the flow field occurred between the wing and 
the simulated ground. The bending of the exhaust jets and 
resultant voRees. Sheceeente was evident primarily around the 
Wing. Supercirculation was evident around the rearmost flap 
Sethe wing for this case. 

Pei ne resultseo: themellectrostatic analogy as an 


indication of the velocity and shape of the exhaust jets, 


Oe 





Pano casewasmdone to detcrmine the effect of the exhaust 
mets ane vortex Shedding on the lift of the aircraft. Using 
Ehic PowMmeseshowmermerr cure 4, the radii of curvature of the 
exhaust streamlines and the distances between the adjacent 
streamlines in the normal direction were measured graphically. 
This was done in the vicinity of the trailing edge of the rear 
wing flap. 

The rate of change of pressure in the normal direction 
meme latea to the local dynamic pressure and streamline radius 


Suecurvature by 





Pipe 2 a GES) 


Considering streamlines one and two of Figure 4, the above 


wwitation Can be integrated to yield the following result. 
U2 
Pe = = pe —— (n, - n,). (14) 
R 2 i 
eZ 
Nondimensionalizing the pressure difference with respect to 
mae ftreestream dynamic pressure, the following relation can 
be derived. 
2G) 
———___—-_ = - —- , (15) 
Too Ria ee 

The results of these measurements and a resultant pressure 
coefficient across the exhaust jet are shown in Appendix C. 

Further, since the lift coefficient can be represented 
Mmemenc Giiterence in the average pressure at the top of a 
eertace and the bottom of the surface divided by the dynamic 
Meeesure, the resultant value for AP/q, across the jet is 


analogous to a lift coefficient. The numerical value for 
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Biemmuee MnemeOcetielent across the jet 1s greater than that 
which would have been obtained from a three-dimensional ap- 


plrecation of potential flow. 


pee RECT RCULAT LON 

Recirculation was most severe in the VTOL configuration 
mien the aircrait was Situated on the ground. The main in- 
Het was the largest LOCcwomcht Oleexiaust Cases. In general, 
reingestion decreased as height above the ground increased. 
However, for some cases, reingestion increased as height 
aobve the ground increased and then decreased again as the 
Mement was further increased; for example, see Figure lL5, 
fe- ou , and Figure 16, 9 = 90°. The highest readings re- 
sulted when the point of introduction was at the forward 
Goanda slot of the canard. 

Mieeresults ot Introducing freon into the canard or 
Panne were not independent of the point of introduction. 
Usually there was considerable difference in the response 
from station to station within the wing or canard. For 
memole, Sec Figures 14, 15, and 16 for the response of 
Mieminain inlet to introduction points within the canard. 

The angie that the wing and canard made with the ground 
mea considerable influence on recirculation. With the wing 
amc Canard at an angle of 60 degrees with the ground, the 
wing was never a source of reingestion. The canard pro- 
Vided some reingested gases at all altitudes and configura- 
eeens. Deviations in wing and canard angle with the 
Mmertical resulted in a substantial reduction of reingestion 


ier all altitudes and configurations. 
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The distribution tests at the main inlet indicated that 
reingestion was concentrated most heavily on the side most 
distant from the plane of symmetry of the aircraft when the 
potltisOn Introduction was station 1; see Figure 13 for 
Station identification and Figure 26 for the measured re- 
Pale ror station 2, however, the reingestion properties 
iene Most pronounced at the upper portion of the main in- 
Mee, sce Figure 27. When freon was introduced into station 
feecnere was an even distribution over the entire main inlet 
miee sce Figure 25, Tne level of réingestion was only 
meace for this case. 

The response time for all reingestion readings was 
Bree indicating that the fountain effect was the only ef- 
meet contributing to recirculation. There was no opportunity 
for the "buoyant" effect to be felt, however, since there 
was no significant temperature difference between the pri- 
Mary and ambient air. Responses occurring a considerable 
Meneth of time after the introduction of freon were attri- 
buted to ditfusion and mixing of freon into the ambient 
meme ihese responses were never greater in magnitude than 


race, 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 


fhe) 6 CONCLUSIONS 

The potential flow solution was valuable in obtaining an 
meproximation to the pressure coefficient across the exhaust 
fae ihnis coctiicient provided insight into the contribu- 
bron Of a two-dimensional propulsive lift jet to the flow 
meld of the aircraft. 

Reingestion poses a problem primarily to the main inlet 
under VITOL conditions. The magnitude of the problem was 
greater than the 18% obtained with moderate reingestion 
momeall altitudes. The canard was the most significant 
feeree Of Teingested exhaust gases, and was the only source 
momsuUpply readings above moderate. The wing contributed no 


mises fOr reingestion in configurations other than VTOL. 


B. RECOMMENDATIONS 

hurther, work would be desirable to determine the effect 
of a forward velocity as simulated in the wind tunnel on 
memiecstion properties. Closer scrutiny might be applied 
to the flow path from the canard ejector and Coanda slots 


mane the main inlet. 
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APPENDIX A: SAMPLE DERIVATION OF DIFFERENCE EQUATION 


Bech linear, aboebraic equation was derived as follows 
w(x, y+) 
j} k 
Vie) Se (Xt) ,y) 
Wie 3V sis) 


beginning with Taylor series for each axis of the domain. 











= 2 
ieee je V(xX,y) + ay) a ae v ec yet 
oy AB. eds 
and 
n Zz Z 
¥Ouy-K) = ¥GGy) - RY Guy) + Fr HF Gy) - 


Adding the above equations and solving for the second par- 


imear, the following equation results. 


or] 





2 
ob ZL vOuytk) - 2vOGy) + VOGy-K) ] + 004). 


eeiiatar analysis for the second partial in the x-direction 


waelds 


Zz 


Qa 
— 


£ [ w(xtj,y) - 2vGqy) + wle-g,y) ] + 0(4). 


—— 
ae 





Q 


> a 


C1 


Applying Laplace's equation 


o*w + “yp — 
dx2 dy2 





each solution point is represented as a linear function of 
its four adjacent points. 

2 k2 
ey) = TERY [ ¥(x,ytk) + W(x,y-k)] * Z7p2eKZy 


[ wOxtj,y) + w(x-j,y)]). 
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APPENDIX B: MASS FLOW RATE CALCULATIONS OF QUANTITATIVE 
ANALYSIS 
The following data was obtained either experimentally 
ouetrom tables of Known properties of freon or air. 


7.66 x 10 ° lbm/ft? 


2 

p, = 2.028 Lbm/ft? 
U, = 567 fe Seve 
U, = 136 te See 
U,, = 0.45 ft/sec 
Uy, = 27.5 bey SEC 
i = GOL ke UO ibe 

A. me ow 7 ihe 

Ay = .0204 ia 

A, = 4.3 ior 


The mass flow rates used in the quantitative analysis 
were calculated using the above data and appropriate conver- 


Eom factors to maintain consistency in units. 


‘ = = ~ 3 : 
m p UA, 3.92 x 10 Ibm/sec 


1 
n, > ys a a SII 10°’ I1bm/sec 
Ms = p,U,A, = 4.82 x 10° 1bm/sec 
M4 * BW = 2S ss 10°* lbm/sec 
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Beene C;  RESULIS OF POTENTIAL FLOW LIFT JET ANALYSIS 


Streamtube Za@ oes) 
AN" njNy Rij Ray 
1, J ee 
I Oo Anas As. - 4,16 
Nee 19 25 1.20 = SG 
3,4 oie 2h S0 oo - 1.44 
AD 9 51 Lise end o 


2(An, 7) 
“T, a RSS ee Bree 
| 1 jee aia | 


fete: Velocity of flow at augmentor exit planes was twice 


pio Ot trees: cream) conditions. 
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(a) ORDINARY FINITE SPAN WING 





(b) JET FLAP FINITE SPAN WING 


meeure 1, SHED VORTICITY ASSOCIATED WITH LIFTING WINGS 
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Resultant stream function values are shown in sample 


Note: 


COnpDMLe Le prOsi am. OuepUuc, 


DISCRETIZED DOMAIN. 


Jak we aete, 7 
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ELECTROSTATIC ANALOGY RESULTS. 
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COMPUTER PROGRAM 


On the next page, the text of the computer program 
begins which solved Laplace's equation using finite dif- 
ference approximations. A total of nine different runs 
were made, each of which applied a different combination 
fievelociwty at the canard exit plane and ratio of mass flow 
Bm each side of the canard ejector. Each combination was 
obtained by altering the boundary values assigned to the 
canard flaps. 

The results of each of the runs were similar in shape. 
Consequently, only one of the outputs is included subsequent 
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A sample output follows on the subsequent page. For 
iis wedse,  tNemilow Velocity Was evenly distributed in the 
canard augmentor and was constrained to be twice the 
welocity of freestream conditions. 

Boundary conditions are not included in the output. 

The decimal point of each stream function value represents 
the approximate relative position of each solution point in 


the domain depicted in Figure 2. 
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